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DISCLAIMERS

The findings in this report are not to be construed as an official Depart—
ment of the Army position unless so designated D~ other authorized documents.

When Government drawings , specifications, or other data are used for any
purpose other than in connection with a definitely related Government pro-
curement operation, the United States Government thereby incurs no responsi-
bility nor any obligation whatsoever; and the fact that the Government may
have formulated , furnished , or in any way supplied the said drawings , speci-
fications, or other data is not to be regarded by implication or otherwise
as in any manner licensing the holder or any other person or corporation ,
or conveying any rights or permission, to manufacture , use , or sell any
patented invention that may in any way be related thereto.

Trade names cited in this report do not constitute an official endorsement
or approval of the use of such commercial hardware or software.

DISPOSITION Ir~STRUCTIONS

Destroy this report when no longer needed. Do not return it to the orig—
inator.
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1.0 INTRODUCTION

U. S. Army Aviation Systems Command (USAAVSCOM ) has a continuing

effort in the area of automatic inspection , diagnostic , and prognostic

systems (AIDAPS). As a part of this program , Parks College has been

conducting an intensive evaluation of the shock pulse technique.

Previous work (references 1—3 ) have shown the technique to be most

promising in certain helicopter applications . This report concerns

itself with two separate areas of investigation. The first of these

is a continuat ion of the preliminary work carried out and reported in

reference 2. That is, extensive shock pulse data was collected on

the tail rotor drive hanger bearings and 142° gearbox to broaden the

previous data base. In addition, data was collected on the 9Q0 gearbox,

and the transmission of the UB-l series helicopter. Finally a pre-

liminary study was made on the applicability of the technique to the

0H—58A. Selected components were removed for teardown analysis.

Chapter 2 reports on this phase.

The second area of investigation was to establish the feasibility

of the shock pulse technique to determine the condition of gears in

the 142° gearbox. The College subcontracted this effort to S1~ ’ Industries

who were the original developers of the shock pulse meter. The tests

and test conditions were monitored throughout the six—month effort.

Faulty gears were implanted in the gearboxes by the College and the

signatures compared to a baseline . Chapter 3 along with Appendix 3.1

a report submitted by SKF, discusses this phase of the effort. 

~~~~ . -“ ~~~~~--



- - ~~~~~ — - . - -.- . - - 

•1

2.0 FIELD EVALUATION

The data upon which this section of the report is based was

obtained using the shock pulse technique of bearing analysis. Pre—

vioua work done by Parks College in the shock pulse area is given in

References 1—3. These references explain in detail the methodolo~~r

and equipment used in the pulse analysis.

Data is presented on 106 bearing assemblies. The assemblies were

analyzed on two types of U.S. Army helicopters : UH—l series, H, D, H,

and C models and the 011-58. Shock emission curves were obtained on

the following assemblies:

UH—1 011—58

Hanger bearing assemblies Hanger Bearing assembly
Gear Box (input and output quills) 900 Gear Box

90° Gear Box
Mast Bearing
Input Drive Quill
Generator Offset Quill Assembly

Shock pulse signatures of the various assemblies were taken utilizing

a standard MEPA—lOA Shock Pulse Meter. Table 2.1 summarized all

assemblies tested. The shock emission curves are included in Appendix 2.1

for reference. The assemblies which had shock emissions exceeding a

normal envelope were removed for teardown analysis in the case of the

1420 gear boxes , 900 gear box, and hanger bearings. No transmissions were

removed. The conditions of all tests were kept as constant as possible

with all tests run at 6600 RPM N2 and neutral anti—torque pedal unless

otherwise noted.

The helicopters used in data col1ectL~n were from :

1) 281st Aviation Company 3) U. S .  Army Test Board
Bi—State Airport A.I.D.A.P.S. Program
Cahokia . Illinois Ft.  Rucker , Ala.

2)  AVSCOM Flight Section
St. Louis International Airport

_ _ _ _ _ _ _  _ _
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All tests were performed on a non—interference basis with normal

maintenance and operational scheduling of the a i rcraf t .

A description , both narrat ive and photographic , of the damage

found at tear down is presented , as well as a correlat ion between

the shock pulse signature and damage. Damage clarification , as well

as descript ions of the assemblies tested at Ft. Rucker , Alabama, are

taken from implant part inspect ion sheets made available to the College

• by the U.S. Army Aviation Test Board . All components tested at

Ft. Rucker which were not specifically implanted with a bearin~ of

known damage were “clean”. The reference to a “clean ” part infers

the assembly had been inspected and all elements of the component

are damage tree and in as good a condition as physically possible.

The advantage of securing shock pulse signatures fr3m these “clean”

components is in making compar isons to those assembled with either

implanted damage , normal wear or degradation . The premise is that

- 4 these “clean” elements represent the lowest possible shock emissions

and thus the magnitude of’ shock emissions from other assemblies can

give an indication of degradation .

All bearing assemblies which were tested on aircraft belonging

to the 281st Aviation Company or AVSCOM Flight Section were components

of operational helicopters and damage found was not apparent prior to

obtaining shock pulse data.

~~~~~ _-
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2.1 TEAR DOWN ANALYSIS

RAN GER BEARING TEAR DOWN DATA

The four hanger bearings which were removed for analysis all

yielded teardown data clearly showing damage. When compared with

Bell Helicopter ’s damage condition category definitions , we would

consider between C and D defects ~~ all assemblies . Hanger bearing
a

• A20—311435 had the heaviest concentration of corrosion and pitting

on the outer race as well as the rolling elements and its shock pulse

data shows the highest level of the assemblies tested. Hanger

bearing A20—141489l exhibited the highest rate monitored on a hanger

bearing assembly and coupled with its shock level of 700, it fit

in a category of damage which became evident at teardown . No

statements as to the time to complete functional failure of the

hanger bearing assemblies can be made; however, we feel that the

damage found at teardown would contribute significantly to a

• decrease in efficiency of the assembly .

Each of the four hanger bearings removed exceeded the normal range

signifying a bear ing without defect. Refer to reference 2 for the coded

normalizing graph. Since hanger bearing A20-1e14891 had a level which fell

in the caution area, it was removed to correlate its tear down evidence

with its plot on the normalizing graph .

4 

~~~~~~~ . •



- -— .  - 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~ ~~~~~~~~~~~~~~~~~~~~ 

-•,--.-----—- -,-.‘.

- j RANGER BEARINGS

A/C: 63—878 14
FSN: 1615—832—8951
PN: 2014—0140—600—9
SN: A20—36705
TSN: 1166
TSO: 6146 (1 prior overhaul)

R~ 4ARKS : Inner Race: Mild Corrosion

Outer Race : Pitt ing and Corrosion

Rolling Elements : Corros ion, Mild Pitting

a
A/C: 6c—~ c1Q
FSN: 1e;1’~~332—~ )5l
PN: 2O14—O140—h0O—~

.)
SN: A20—141489l

RDtARKS: Outer Race: Metal Fatigue, Pitting, Flaking Corrosion

• Inner Race: Corrosion , Pitting

Rolling Elements : Corrosion, Pitting

A/C: 69—159149
• FSN: 16l5—832—8Q~l

PN: 2014—0140—600—9
SN: A20—55389
TSN : 9143

• TSO: 500

R~ 4ABXS : Inner Rac e : Light Corros ion

Balls : Light Corrosion , Evidence of Skidding, Some Fitt ing

Outer Race : Corros ion, Pitting, Evidence of Skidding

A/C: 63—87814
FSN : l615—~~~’—Sos1
PN: ~~~~~~~~~~~
SN: A20—311435
TSN : liNK
TSO : liNK

• R~ ’tAR1~~: Inner Race: Medium Corrosion, 1 Large Pit

Balls : Light to M~~1ium Cor:’o~ ion

~~ter Race: Heavy Corrosion and ritting

.
•) ~~~~~~~~~~~~~~~~~~ 

- - ~~~~~~~~~~~~~~~
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281st Aviation Company Bi State Airport 23 Sept 714
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281st Aviation Company Bi State Airport 21 May 714
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142° GEAR BOX ANALYSIS
SN B13—32143

The graphs of this 142° gear box show an abnormally high rate

for the output drive quill and normal readings from the input drive

quill .

The output drive quill roller bearing showed one scratch about

1/8” long in the outer race. All other damage was due to mino;

corrosion and pitting . The Duplex Bearing Set showed damage to the

cages of both bearings due to inner race contact , some small scratches

and minor corrosion ,

The input drive quill roller bearing had evidence of very light

pitting and corrosion. The Duplex Bearing Set showed heavy wear on

the cage frogs inner race contact on one bearing . It is suspected

that the other bearing in the set was worn excessively as there was

a deviation in the ball path in the outer race and the bearing fell

apart upon removal from the input quill housing . There was no other

damage noted .

The gear set showed normal wear pattern .

t .
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142° G/B

A/C #66—0630
FSN: 1615—918—2676
PN: 20 14—0 140—003—37
SN: Bl3—321e3
TSN : 1735
TSO: 939

R~ 4ARKS : OUTPUT DRIVE QUILL :

Roller Bearing: PN: 20 14—0 140—310—1
SN: 21020

Outer Race: Scratch Approx 1/8” long

Cage : Normal Wear

Inner Race: Minor Pitting

Rollers Normal Wear , minor corrosion , minor pitting

Duplex Ball Bearing: PN: 2014—0140—1143—1
SN: 8199H-].

Outer Race: No Apparent Damage

Cage: Damage From Inner Race Contact

Inner Race: Small Scratches on Thrust Side

Balls: No Apparent Damage

Duplex Ball Bearing: PN: 2014—0140—1143-1
SN: 8199H—2

Outer Race: Corrosion on Thrust Side

Cage: Damage From Inner Race Contact

Inner Race : No Apparent Damage

Balls: Minor Corrosion

INPUT DRIVE QUILL:

Roller Bearing: PN: 2014—0140—310—1
SN: 11471403

Outer Race: Light Pitting and Corrosion
1 scratch

Cage: Normal Wear

j  Inner Race: Very Light Pitting



- - -~~ ~~~~~~~~

Rollers : Pitting & Corrosion

Duplex Ball Bearing : PN: 204—0140—1143—1
SN: 8112H—l

Outer Race: 1 Small Scratch on Thrust Side

Cage : Heavy Wear From Inner Race Contact

Inner Race: Corrosion

Balls: No Apparent Damage

Duplex Ball Bearing : PN: 204—0 140—1 143—1
SN: 8].].2H—2 —

Outer Race : Deviation in Ball Path

Cage: Normal Wear

Inner Race: No Apparent Damage

Bails: No Apparent Damage

‘7 j
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281st Aviation Company Bi State Airport 6 Aug ~4
90° Gear Box
142° Gear Box Input
142° Gear Box Output
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9’~)° GEAR BOX TEARDOWN ANALYSIS

Three 90° gear h~xee were observed having abnormal graphs but

one gear box was torn down for analysis because only one newly overhauled

gear box was available at the time . The other gear boxes will be torn

down as soon as replacement gear boxes are made available.

The gear box was removed because of the growth noted in the rate

and level while the data was being taken. This growth is usually

indicat ive of damage progressing .

Analysis showed that the source of this growth was most likely

caused by one of the Duplex Bearing Sets PN: 2014—0140—14214—1. One

bearing 10 the set had two large spalla in the outer race that

apparent ly appeared recently as there was no cont inuous ball path

through them. Also three apafl a were observed in the inner race of the

same bearing.

‘~ne small spall was found in the outer race of Duplex Bearing Set

P11: 2014—0140— 1143— 1.

All other damage was attributed to minor corrosion and pitting.

L ~ -
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90° 0/B

A/ C: 69—15550
FSN: 1615— 918—2677
P11: 2014—0 140—012—13
SN: ABC— 5688
TSN: 588
TSO : 1400

R~ 4ARKS : Small Duplex Bearing: P11: 20 14—0 140—14 2 14—1
SN: 21262

— Outer Race: 2 Spall~ , Burred Around Edges

Inner Race: 3 Spalls, Evidence of False Brinnelling

Balls : No Apparent Damage

Small Duplex Bearing: P11: 20 14—0140—142 14—1
SN: 21262

Outer Race: No Apparent Damage

Inner Race: No Apparent Damage

- 
• Balls : No Apparent Damage

Sinai]. Roller Bearing: PN: 20 14—0140—1406— 1
SN: 2031462

Outer Race: 2 Small Scratches
-; Inner Race: No Apparent Damage

Rollers : 1 Roller Slightly Scratched

Duplex Bearing: PN: 20 14—0 140—1143— 1
SN: 12620

Outer Race: 1 Small Spall

Inner Race: No Apparent Damage

Cage : No Apparent Damage

Balls : No Apparent Damage

Duplex Bearing: PN: 2014—0140—1143—1
SN: 12620

Outer Race: Mild Corrosion and Pitting

Inner Race: Mild Corrosion and Pitting

Cage: No Apparent Damage

Balls : No Apparent Damage



Roller Bearing: PN: 2014—0140—1407—3
SN: 231475

Outer Race: Mild Pitting, Scratches Parallel to Race

Inner Race: Scratches Parallel to Race

Rollers: No Apparent Damage

C~
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2.2 FORT RUC1~~ AIDAPS KELICOPTER DATA

The data collected on the AIDAPS helicopters was from gear boxes

of known condition . Each gear box was completely disassembled , in-

spected , and any necessary component replacement accomplished prior

to reassembly and use in the program. The data included that from an

implanted input quill duplex bearing (item 20 , Figure 6 ) with known

defects.

Figure 11 shows the shock pulse curve for the “sanitized ” gear

box as well as one with an implanted duplex bearing. In this ~ase,

the outboard half of the duplex bearing had a single spall in the outer

race, 0.114” x 0.114”, with a definite depth ; the inboard half had some

corrosion caused pitting with one pit in the ball ’s path. This damage

was classified in category C which corresponds to moderate spalling.

A second duplex ball bearing, this one with a single shallow spall

approximately 0.08” x 0.08” in the outer race , was implanted in another

420 gearbox . Of particular interest was the observation of progressive

damage while the test was in progress. The shape of the shock emission

curve changed continuously over a period of minutes in both rate and

shock level. Figure 12 shows two curves developed on a single run. A

change in slope takes place (A), a sharp increase in rate (B—C), a

continually change in slope (C—D). Without shutting down the engine,

the second curve (E—F—G) was developed . After engine shut—down , an oil

sample analysis revealed traces of metal, although not beyond that

deemed unacceptable. The dotted line is an extrapolat ion of the init ial

slope and gives an indication of the shock level stabilizing at a

factor of ten higher . Two more runs were made which essentially repeated

curve E—F—G. Teardown analysis showed that the ~ri~ ina1 degradation had not

changed noticeably but that new spalls were found on the outer race and on ‘
I

one ball bearing. 30

-



Additional data was collected on hanger bearings installed on

helicopters involved in the AIDAPS program at Fort Rucker. These

hanger bearings were inspected and found acceptable prior to their

use in that program . Figure 13 shows the effect of engine rpm variation

and anti torque pedal (tail rotor) inputs on the number 14 hanger bearing.

The difference between fl ight idle data and that at 61400 and 6600 is

apparent . At a given 112. rudder pedal deflection gives a slight increase

in the potentiometer level generally shifting the shock pulse curve to

the right . Similar results were obtained on the number 3 hanger bearing.

Additional. data is in Appendix 2.2.
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2.3 TRANSMISSION SHOCK PULSE EWJELOPES

Shock pulse data was collected from two locations on the

transmission. Figures 114 and 15 show the attachment point for

the transmission input drive quill and for the mast bearing

assembly. Figure 16 is a scatter diagram of nine different

transmissions with the accelerometer attached to the input drive

quill. The dotted line is that recorded from Bearcat 13 at Fort

Rucker , Alabama. This is the only transmission of known good

condition , having been inspected prior to its use in the AIDAPÔS

program. One of the transmissions installed on UH—lC 66—15071

indicates a much higher rate and level than the others . -

Figure 11 shows a scatter diagram for nine transmissions with

data collected at the mast bearing assembly. Again , in this fi gure ,

the dotted line is from Bearcat 13. The single exceptional high

rate and level readings is the same transmission that indicated

the high reading from the input drive quill.

It was beyond the scope of work to remove and disassemble a

transmission. However, past history has shown that exceptionally

high readings above the norm generally indicate degraded components.

There is no way to determine the level of degradation nor to

isolate it within the transmission.

Figure 18 indicates the effect of sensor location on the

shock envelope of the mast bearing reading. The accelerometer is

normally mounted on the portside. Forward and starboard locations,

when compared to the usual mounting exhibit only minor variations ;

the aft location varies by a factor of two at the higher

potentiometer levels. -
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2.4 G~~~~ATOR OFFSET QUILL ASS~1IBLY

Shock pulse data was collected from the generator offset

L & -- 
quill assembly shown in Figure 20 . With the assistance of

the Obio State Research Department , data was recorded on good,

as well as implanted , gears in this assembly which was under-

going laboratory tests under an AVLABS contract. Figure

shows the shock emission curves for the good and artificially

den~ged gears. No appreciable difference was noted in the

two curves. This could be attributed to an inherent limitation

of the ?.EPA-lO to detect gear damage in this particular assembly,

considering: 1) the type of damage artificially implanted;

- 
~
- 

2) the severity of damage; 3)  the contact of the damaged compo-
nent with other gear elements.

Also shown on Figure 20 is single envelope taken from an

assembly as installed on a UH-1H. Although both laboratory

and aircraft installed assemblies were operated at approximately

the same r~in, there are only minor differences in rate and

levels . As these - are two diff erent assemblies, with the air—

crafts component being of ixn~ iown condition, no general conclu-

sions should be inferred.
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2.5 011-58 DATA

Readings were taken on an 011—58 tail rotor drive train in order to

show feasibility. Data collection was limited as there are only two 011—58

Helicopters in the St. Louis Area. Also the 011—58 has two types of

hanger bearing mounts and a new sensor mount would have to be developed

in order to take readings on all hanger bearings.

Only one of the two 011-58’s in the St. Louts Area had hanger bearing

mounts compatible to the sensor mount so six hanger bearing readings

were taken.

A reading was also taken on the 900 gear box . There were no

attachment problems encountered.

No definite conclusions can be drawn due to the lack of data and

teardown analysis.
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- 2 .6 FLIGHT DATA

Although not a contractual requirement, data was collected

with the shook pulse meter under conditions other than ground

runs. Figure 213 shows a comparison of ground , hover-in-ground

effect , low and high speed flight , and autorotation conditions.

The data was collected with an accelerometer mounted on the

input drive quill on UH-lH 69-15550. Figure 25 compares two

UH—1H helicopters, both at the same high-speed flight condition.

At least as far as the input drive quill is concerned, the

various flight conditions had a negligible influence on the

shape of the shock emission envelope or on the rate or level

readings. The shock emission envelopes fall quite well within

the scatter of the bulk of the readings shown in Figure 16.

!~kre information will be required before advancing any conolu—

sions as to optimum sensor location or- flight profile to

record shock pulse signature.
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3.0 GEAR CONDITION TESTS

A feasibility study for extending the shock pulse tecimique

to detecting damaged gears in a IJH-l 42 ° gearbox was subcontract-

ed to S1U~
’ Industries, King of Prussia, Pennsylvania. The College

provided three 42° gearboxes a~id installed the damaged gears for

test purposes. The 42° gearboxes were operated in a test fixture

described in Appendix 3.1. Initial tests of comparison of shock

emission curves of heavily damaged gears compared to baseline

(or undamaged) data were inconclusive. The test fixture was then

redesigned to transmit higher loads . However , no appreciable

differences in shock levels were seen except for one transient

event. No substantial changes were noted when a second set of

damaged gears was installed.

Tests involving a second 42 ° gearbox with a artificially

damaged output quill did not yield repetitive results. Position

1 data , for instance, indicated a high rate of shocks at low

shock levels for an implanted gear at low rj~n but did not appear

at higher rim. Data from the addition of a damaged input quill

unfortunately could not be directly compared as the SKF report

did not give the necessary horsepower information . ( This will be

clarified for the f inal report. ) However, fluctuations were

noted in the shock rate data which were of similar nature to that

of degraded gearboxes on installed operational helicopters. SKI

inf ers that the fluctuations are due to particulate contaminant

in the lubricant and therefore the faulty gear is detected in a

secondary manner. Unfortunately when the test data is taken as —

a whole, this infererence appears ambitious .
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h.

The standard attachment fixture designed by the College was

utilized in the f inal tests and compared to the “optimized” SKI

sensor location. The sensor was attached to a bolt on the input

quill housing as in its normal use. Inasmuch as flucturationa

were noted in the shock pulse curves,- mean values were plotted

for the two SEP positions end the Parks attachment. Data was

taken from Figures 24-29 of Appendix 3.1 and are replotted and

compared in Figures 26 and 27. It does not appear that the

optimized SEP location is any more sensitive to the degraded

gears or bearings than the Parks attachment. Indeed, for the.

dAhI~ ged gear , the SEP position 1 location is nearly identical

in reading to that of the Parks attachment. - -
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4.0 CONCLUSIONS AND RECOt41ENDATIONS

The results of specific teardown information to shock pulse

signatures or the various components can be found with the assemblies

removed for analysis. Damage found in multiple bearing assemblies

such as the 900 and 420 gear box cannot be correlated to shock pulse

data of an individual bearing assembly within the gear box . The

?€PA 1QA with present accelerometer mounting techniques will not

allow for specific discrimination as to exact type and locat ion of

defect . Present use of the M~PA 1OA does , however , allow it te be

an effective diagnostic tool to determine over all assembly condition.

It is felt the shock pulse technique has proven its effectiveness

as a diagnostic tool in d 1~acriminating between assemblies with no

defects and those with various stages of degradation. It is a fast

and reliable procedure to determine general assembly health and when

coupled with sufficient baseline data of a particular component it

can track damage progress and provide the input for making a prognosis

of the elements functional life .

In—so—far as the 42° gear box test cell use of the !.~ PA lOA for

gear damage detection , it is felt the accelerometer attachment

using the VD—2 provided data of equal. value to any other methods. A

more indept h look at the specific input from SKI Industries will be

required before forming any conclusions as to this effort in attesting

usable shock pulse data from damaged gears.

In light of the results obtained in demonstrationg the effectiveness

of the shock pulse technique in revealirtg bearing damage, the following

represent s recommendations for future actions:

1) Initiate a program to secure shock pulse data from aircraft

in flight profiles to establish the shock emission signatures

L~ 
ç 

- 
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of components under different load situations. A flight

program should undertake the task of determining the

consistency and reliability of obtaining data at several

different flight conditions to refine as much as possible

the optimum recording of a component ’s condition.

2) Establish through further dat a collection , general operating

limitations of the desirable shock pulse envelope of Rate vs

Level on bearing and gear components.

3) Undertake an engineering effort aimed at the refinement of

accelerometer attachment with emphasis toward flight worthy

installations.

4) - Th& mast bearing and input drive quill of aircraft 66—15071 a

UH—lC helicopter belonging to the 281st Aviation Company at

Bi—State Airport showed shock emissions profiles which

necessitate collateral teardown information. Since both

components were parts of the transmission assembly of the

helicopter , there is a likelihood that a defect may be

present in the assembly, teardown information would be needed

to confirm this supposition.

5) ~~w• 90
0 
gear boxes other than the one assembly removed for

teardown , yielded shock profiles which we feel were in excess

of a normal profile and also should be removed for teardown .

Due to the lack of replacement assemblies at this time, we were unable

to remove these. The s~smz~~y graph showing data scatter in this

report will reveal the irregularities of these assemblies.

WA  
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J~~ 
IN T R OD U C TIO N

~ I~ In t he pas t , d e m aU e  de t ec t i o n  ha~ consis ted mainly of vibrational

1 t at e a nalysis. A new d I a g n o s t ic t ool~~In the field of bearing damage

that has been rec ently introduced is the M EPA— 1OA Shock Pulse M e ter.

The pr inciple of operation of t h i s  un i t , is  that , a damaged bearing

~~~~ is, a machine generates mechanical shocks , which cause brief , high

-~ frequency v ibrations to emanate from the point of impact. This

1 I pulse of energy is governed by the speed of sound in the structure

I I
material. It is attenuated at each mechanical interface and decays

in amp litude in proportion to the distance and damping characteristics

I I of the material th rough which it is travelling . An accelerometer

i s  used as the sensor and its output is fed into an amplifier tuned

I I to the accelerometers resonant frequency. After si gnal processing,

I 
the output is displayed on a meter having a 20,000:1 dyna m ic range ,

the motor displays shock pulse rate of occ ura nce and the amplitude

I ~~~. ~s then possible to plot a curve of pulse rate versus tho pulse

am pli tude , whi ch is a -r eve al in ~j mea sure of bearing COfl djtjo~
Because of the suc c essful resu lts obtained in detecting ro i ling

hea r i n g  damage  ~J E ~~? Indus tries was contracted by Parks College of

St. Lo uis Un iversity to establish the feasibilit y of , and determine

a d~ a c Jn o sti c appro ach for , the use of mechanical shock em issions

~~~~ t~ ~iet e rm ine the condition of gears i n  an opera t i n g h e l i c o p ter

‘)ear box . The tests were c o n d u c t e d  on t h r e e  UH — l  42 ° gear boxes.

) a r h gear box was tested on an SKF test fixture which had been

~~~~ 

‘ a u i y  mod ified for this series of tests. The fixture is shown

- ~.r elos ure l A s shown , the drive motor is belt coupled to

- - 
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1 pull eys. These pulleys were changed to vary the gear box speed.

The inpu t quill is coupled to this pu4 ley and is driven by it.

The out put quil l is connected to a hydraulic pump which served

I to diss ipate the energy transmitted , and whose pressure , and

I therefore whose load , can be varied with a manually operated

valve .

I The gear boxe s were driven initially by a 15 horsepowe r in-

duction motor into an IM O 3D h ydraulic pump (with 156 rotor ). The

I gear boxe s tested were operated at speeds of 3560 RPM and 1500

I RPM. These speeds were held to within 2% between tests. At each

speed two different loads we re applied. Early test data i n d i c a ted

that a greater load was desirable to more nearly approximate flight

loads , and so an P.10 A6D pump (with 137 rotor ) and a 50 horsepowe r

I induction motor were installed on the fixture . This increased

the drive and load of the test rig to 34 horsepower.

Enclosure 2 shows a curve of oil viscosity as a function of

I temperature for the oil used in both pumps during testing . Enclosure

3 relates oil viscosity to horsepowe r as a function of the pump

pressure for the P.10 3D pump while Enclosure 4 does this for the

P.10 A 6D pump .

Thus by controlling pump pressure and monitoring oil temp—

I crature the gear box applied load was determined.

J1. Det ails

II a. Shock Pulse Tests at Low Loads

The first step in the program was to establ ish optimum sensor

ions for de t ‘c ti rig gear dn~iage . After exfi~Ii nation of the gear

. 108
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box drawing, f o u r  positio .~s were chosen. Data obtained from these

however was not sufficiently different to clea rly Indicate

I one locati on as superior. Consequ o~ tly because of the theory of

I I shoc k pul se operati on a , loca tion was selected which had a direct

I 
mec hanical path to the gear mesh. A spot loca ted over the roller

- 

- 

bearing on the input quill was selected. An aluminum block con—

I I foreing to the shape of the housing was fabricated and after the

U j ii n t was removed from that area of the gear box housing, the

block was bonded to the housing . A second or backup spot was

1 se lect ed  on the base opposite to the oil, level - gage. This location

I was selected because the gear box structure in this location was

suitable for mounting an accelerometer and there was also a direct

I nechanica l path to the gear mesh. Enclosure 5 shows the sensor

locations.

Gear box S/N Al3—830 was the first gear box tested. Enclosures

- 
1 o and 7 depi ct the base line data obtained for this gear box. As

I 
- 

I 
can be seen from the data the shock leve l increased mainly as a

functi on of speed arid not of load . Damaged gears with pitting

U da riige were then install ed Into this gearbox . Enclosure 8 shows a

p iet u r e of these gears prior to their insertion into the gear box.

I The uppe r pictu re is of the output gear , which has pieces of gear

te eth mis sing probably due to earlier gear failure in another gear

t~ox .  These gears had however , not been previously run as a set in

I t h i ~~ qear box. Enclosure s 9 and 10 show the data obtained with

•!~,~~p damaged gears installed. Position 2 data at 1480 RPM shows

1” r shock levels with the damaged gears than with the undamaged
- 

~
- - ;

~~ bu t at the hi gher speed it is less.

109
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ii b . Shock Pulse Tests at Higher Loads —

Since these damaged gears had not operated as a set previously,

I ~~~c possi bil itY exists that the damaged areas were not con tac t i n g

j
~ rta g operat ion. In addition , the load placed on the gear . box

I vs~ .uch less than the actual load presented to the gear box in a

~pll cop te r . To provide more representative load the previously

discussed motor and pump change was made. The same speeds were

waint a ln ed but higher loads could be transmitted. Tests at the

I 
.ew loads Indicated a small increase in the shock leve l for a

previousl y tested gear box for both position 1 and position 2,

a
~ 

can be seen In Enclosure 11. When comparing this data with

tha t for undama ged gears , at the same load and speed , however ,

no large shock level differences are evident.

A t a l a t e r  stage in the program a third set of gears was

~nsta 1led in this same gear box. These gears were damaged. The

di-i age is shown in Enclosu ze 12. Data obtained from these gears

is shown in Errlosures 13 and 14.

There is lit tle difference between the curves shown in Enclosure

11 through 14, and those shown in Enclosure s 6 a~:d 7. One fvent

of significance that occurred early in testing at 3540 RPM at 13 flP

loa d-wa s a sharp increase in shock level for a period of abo1it 2

m inut es. The data obtained durin g this ti.no period is shown in

InCtO sure 14. This gear box w.~s ru~i for an additional two hours in

.~dti C ip ’1t io n ‘f this event recurring. It did not. A 7’)st test

$ ~a ,inat iou of the oil in the gear box showed fine metal particles

I h r c ~~~~~hoti t the oil. -

- 
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I
I,  The seconi gear box for which base line infoematio.i was taken

I 
~~~ S/N U13-1561. 

This data Is sh own in 1~nc 1osur es  15 and 16. It

I I is si~ i1ar to the baseline dit a obtained from gearbox S/N Al3—830

I 
showil in Enclosures 6 and 7 with the only difference beinj that

the position 2 shock level data at the higher speed was about one

I I half that of the first gear box baseline value .

I This second joar box SN B15—l561 was also retested with higher

b aJa. L ic l osu r e  17 shows the data obtained at 3510 ~WM . There

I was  a slight change in shock level data compared to that in En—

c lo su re  16 and this was a decrease iii p o s i t i o n  2 readings. Be-

cause the data sho~ved no m ar k e d  c h a n g e  w i t h  these  h i g h e r  loads

ii 35-10 RPM , the lower speed runs were not r e pea t e d .

p T h i s  gear box was then removed from the fixture and the gears

t a k e n  o u t .  They are  s h o wn  In  E n c l o s u r e  1.8 . Au artificial damage

v i a  t h e n  p u t  o~ the  o u t p u t  q u i l l  gea r  w i t h  a han d g r i nd e r , a~id t he

two g ear s  r e i n s t a l l e d  in  the  g ear  box.

~~~ A f t e r  t h e  ge a r  box was r e m o u n t e d  in  the  f i x t u r e , d.~ca was t a k e n

~~~ a t  l~~0 R PM , and  is s h o w n  i n  E n c l o s ar e  19. r o s i tj o n  1 da t a  m d i —

C ~Les a h i gh r o t e  of s h o c k s  at low shock  l e v e l s .  T h i s  is indicative

~~~ “ i t  so l id  p a r t i c u l a t e  m a t t e r  in  the  l u b r i c a n t .

~ dut .a was s l i g h tl y  l ow er  In shook le~ o1 than nor—

. 1 m r  t h i s  s p eed .  To a s su r e  th e  ~e l t a ~~i 1i t y  of d a t a  o b t a i n e d

1’’~~i t Inn ~ (~~~:i f y t 1~aL t i o n l i n g  t h e  b l o c k  did  not a d v e r s e l y

~~~~~ t h .~ t e s t )  a h o l e  w a s  d r i l l ed  an d t appe d to m o u n t t h -~

-- -- 
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accelerometer block directly to the gear box thereby eliminating

- - 

thu potential interface effect of the glue. Data was obtained at

the higher speed (3540 RPM), the hole was drilled and tapped and

the test repeated. This repeat data is shown for comparison in

Enclosure 20. There was a slight increase in both rate and level

with the now accelerometer mounting .

The difference lies within the normal variation of readings

f rom run  to ru n, however.

Enclosure 21 shows the shock data obtained for the artificially 
—

damaged gear implant at a speed of 3540 RPM. Position 1 data has

changed back to the more usual curve shape obtained at this speed

on the other gear boxes.

At this point the gear box was operated for an extended period

of time and data taken periodically to monitor the trend or growth

with time . Enclosure 22 shows data acquired after running for 5,

10, 30 a.id 50 minutes respectively. There was a 4 to 1 growth 
-

In shock level which normally indicates dam age growth. The unit was

again run for  an additional hour the next day, however , the curve shape

did not change from that shown for 50 minutes in Enclosure 22.

ti su al examination of the gear box oil showed fine metal particles.

1h~ most likely source of these metall ic particles is the gear which ha

~~-.‘ n artifi cially damagod. Because of the roughness at the ed ges

~ the art ificially damaged area of the gear metal burrs could break
U-

-

~~~~ ~~ ‘ l u t e  e a s i l y .

an input quill assembly with artificial damage on the gear

‘‘ I!!lpLaited in this same gear box. The damag e had been put in the
- 112 1 J
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J J C O C  with a carbide scribe. I3terring that occurred during the scribing

~~ 
not removed. A p hoto of this gear is shown in Enclosure 23. The

~~tpu t quill in which thO gear had been previousl y artificially damaged

b j  the hand grinder was not remo~red. Initial readings showed a shock

Le~el of 
about 9 at position 2. This quickly changed to about 25

with in a minute or two after the gear box was started and took the shape

of the curve shown in Enclosure 24. Enclosure 25 shows data obtained

a t  position 1 while Enclosure 2ó shows data obtained using a Parks

College typo ‘JD—3 accelerometer holder supplied by Parks College.

The holder was mounted to a bolt on the input quill housing . There

was some variation in shock rate with time as can be seen in the

three enclosures. This type of variation had :iOt been observed in

the past. Also there .were occasional but regular rate spikes observed

4hich java readings of up to 2000. Increases in the rate of small

shocks  is c h a r a c t e r i s t i c  of p a r t i c u l a t e  c o n t a m i n a n t  in  the  l u b r i c a n t

passing through the bearings.

Upon request by Parks College an “unknown condi tion ” inpu t

quil l assembly supplied by Parks College was implanted in the gear

box and data again taken. This time the rate ~e~~i in g s  were also

~.uriant. The data is shown in Enclosures 27, 28, and 29. The read—

anjs Oatain od also showed extremely high sh o c T~ level indica tive of

bcaring dain a~ge.

T h i s  i m p l a n t  r a t h e r  t h a n  h a v i n g  a gear  damage  had  a d am a g e d

.: lu g  an d  Lid s is  s h o w n  in Enclosure 30. The abi Lit y of the MEPA—

~~~~~~~~ bcar ji~ d~ na~c was o~~e again tt~m onstrated .

~ t h i r d  gear  box wa s  tested at low and high loads and speeds.

L~~
t

-
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I I

I ‘ .~~~~~ . i~ e l i n e  d a t a  wa s  o b t a i n e d , howeve r , and i t  is shown  in  E n c l o s u r e
p

) l  I I i J  ~.1!.

I it  c. Wi ..ra tiOn

I a additi on to the above testing, single axis vibration measure —

~~~~~~~ were also made . This was done using an SKF Industrie s MEB—l7A

l 1 , , a t i o a  ~op1ifier . which determines vibrational velocity from an

acceler om eter input signal. This unit has three frequency bands (50

~. 100 HZ, 300 to 1800 tlZ, and 1800 to 10,000 HZ) and is used for

~ I b r . t i O f l  t e s t i n g  of bearings at SKF. The sensor used was the accel—

•roaeter located at position 2. The data obtained is shown in Enclosure

.3~~. It Is evident that vibration velocity levels are not a conclusive

n’.s~ re of gear damage . Although there appears to be some correlation

b c t w c c f l  damage and vibrati on readings , this is true only for Certain

) -~~ ed gears  and not  for  a l l .  At t he  same t ime  a t ape  r e c o r d i ng  of

I t L e  v i b r a t i o n a l  v e l o c i t y  s i g n a l  o u t p u t  was made . This  was  l a t e r  r edu ced

. 3  a n a l yz e d  on a B&K 1/3 Octave  F r e q u e n c y  S p e c t r u m  A n a l y z e r .

he LI&K t r a c e s  are s h o w f t  i n  ~ n c l o su r e s  34 and  35. As can be

s c ’  t (ron th a  d a L a  the  gear  mesh  f r e q u e n c y  p r e d o m i n a t e s , and damage

•‘s:s do not show marked differences (increase in  a m p l i t u d e ) as corn—

1 f $ .~~~~~.. ~ O u n d a m a g e d  ~jears.

11~ 
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CoNCLUSl°~~

Three gear boxes w i L h  s e v e r a l  d i f f e r e n t  t y p e 3  .f gear damage

h a v e  been r u n  a t  two different l o a d s  
S
an d  at  two speeds .  From t he

data obtained durin g testing, the following has bee3i determined:

1. The MEPA—lOA detects gear da~iage in a~-~ operating gear

box in a secondary manner. Tho .aotal chips and particles that

are the products of the mesh of damaged gear teeth tend to pass

through the bearings as the  o i l  in  the gear box circulates.

2. The shock pulse technique has aga in  p roven  s u c c e s s f u l

in  i so l a t in g a d ama ged b e a r i n~ i n  a gear box as shown in

~ Enclosures 27 26, 29 and 30. This coapled with the ability to

de t ec t  i n c i p i e n t  g e ar  r a i l u r e  by the  e f f e c t  of the  a s s o c i a t e d

particula te contaminant i n  the  l u b r i c a n t  b e i n g  m e a s u r e d  by the

USPA—IOA establishes the shock pulse techflique as a viable total

g e a r  box c o n d i t i o n  u o n i t o r i n j  t e c h n i q u e .

3. S t a n d a r d  s h o c k  p u l s e  a . i a l y s i s  t e c h n i q u e s  u s i n g  the  MEP 1~-1OA

( s h o c k  em i s s i o n  j ) r o f i l e )  do n o t  a p p e a r  c o n c l u s iv e l y  to p r o i i d e  a

dire ct measureme nt of gear damage with the saaip l.e evaluated

i n  t e s t i n g .  The s a m p l e  c on s i st s  of n a t u r a l  an d ar t i f i c i a l  d ama ges

i m p l a n t e d  i~it w ith out Certainty as to the  degree  a n d  s e v e r i t y  of

da.aagc e,~c o u n t c r  i n  the  g e a r  m e s h .  
-

4. V i b r a t i o n a l  v~~ln c i  ty  ~v n i t o r s  a n a l y z i n g  the s i g n a l  i n  t h r e a ,

t wo a ;~d -~a-~-half Octave b a n d s , or o n e — t h i r d  o c t av e  a . t a l y s i s , do n o t

‘ Is

- 
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- 
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I 
prov ide any consistent in dLc atio ,~ of the existence of gear damage.

The undama ged gear set was characterized by higher vibration in

f a c t .

- I RI~;OM~I E N O A T I ON S

While the test program results indicate the capability of

the shock pul3o technique to detect gear damage change by measure —

mont of the effect of gear damage debris on the shock pulse rate

measured , certainty of correlation of damage size or growth rate

to the measu rements were not established. The program scope did

iot coatain this task , but rather directed that correlation of

1 shock level and gear damage be determined.

1. To fully establi sh that shock pulse measure ment of lu b r i c a n t

debris from gear damage (and as a m a t t e r  oZ f a c t  gea r  w e a r )  t r a c k s

I damage condit io .~ from inci pient through a d v a n c e d  s t a g e s  r o q u i~-e s

I the following effort:

a) Modify the existing test fixture to permit higher gear

box loa ding. Conduv~t gea r endurance tests to obtain naturally

caase d damage and allow damage to grow.

b) Measure tha s~iock emi ssion profiles effect of the gear

eaitted debris and correlate through periodic gear box examination

to level of gear damage and wear  p r e s e n t , and  w i t h  oil debris conten t

ana lys is.

2. A second area -~v hero effort can be applied is d e v e l o p m e n t  of

~~L. 
~~~~~~~~ s o p h i s t i c a t e d  shock pulse analysis toch~ iqie~i t o e x a m i n e  ti le

‘‘itt cd shocks betw een the ~naiii -jear mesh shocks.

-~ ~~~~~~~~~~~~~~~~~~~
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I it is apparent from the 3&~ tra~os that the amplitude of

I vibrat ion emitted at t h e  gear mesh frequency is very high , due

to the m eshing i.npact. The damaged areas como in contact only -

as the teeth slide across one another. I t wou l d appear  tha t

I the impact of the damage as compared to the impact of the teeth -

wes h  is quite small. The shock p4lses emitted by the damage

also would occur at a higher frequency. Since the MEPA—IOA has 
-

I p r o v e n  so successful in the measu rement of bearin g damage , mcdi— I

I 
ficat ion of the electronics sh)uld be considered to investigate 

-

the shock pulses em itted hI til e time segment between the meshing -

of icoi h , as a xaan sure of gear damage severity.

I
1
I
I 

-

I ..

I
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